Among 25 isolates, Aspergillus fumigatus ASH (JX006238) was identified as a potent producer of homocysteine γ-lyase. The nutritional requirements to maximize the enzyme yield were optimized under submerged (SF) and solid-state fermentation (SSF) conditions, resulting in a 5.2-and 2.3-fold increase, respectively, after the last purification step. The enzyme exhibited a single homogenous band of 50 kDa on SDS-PAGE, along with an optimum pH of 7.8 and pH stability range of 6.5 to 7.8. It also showed a pI of 5.0, as detected by pH precipitation with no glycosyl residues. The highest enzyme activity was obtained at 37-40 o C, respectively. The enzyme displayed a strong affinity to homocysteine, followed by methionine and cysteine when compared with non-S amino acids, confirming its potency against homocysteinuriarelated diseases, and as an anti-cardiovascular agent and a specific biosensor for homocysteinuria. The enzyme showed its maximum affinity for homocysteine (K m 2.46 mM, K cat 1.39 × 10 -3 s ). The enzyme was also strongly inhibited by hydroxylamine and DDT, confirming its pyridoxal 5'-phosphate (PLP) identity, yet not inhibited by EDTA. In vivo, using Swiss Albino mice, the enzyme showed no detectable negative effects on platelet aggregation, the RBC number, aspartate aminotransferase, alanine aminotransferase, or creatinine titer when compared with negative controls.
Among 25 isolates, Aspergillus fumigatus ASH (JX006238) was identified as a potent producer of homocysteine γ-lyase. The nutritional requirements to maximize the enzyme yield were optimized under submerged (SF) and solid-state fermentation (SSF) conditions, resulting in a 5.2-and 2.3-fold increase, respectively, after the last purification step. The enzyme exhibited a single homogenous band of 50 kDa on SDS-PAGE, along with an optimum pH of 7.8 and pH stability range of 6.5 to 7.8. It also showed a pI of 5.0, as detected by pH precipitation with no glycosyl residues. The highest enzyme activity was obtained at 37- o C, respectively. The enzyme displayed a strong affinity to homocysteine, followed by methionine and cysteine when compared with non-S amino acids, confirming its potency against homocysteinuriarelated diseases, and as an anti-cardiovascular agent and a specific biosensor for homocysteinuria. The enzyme showed its maximum affinity for homocysteine (K m 2.46 mM, K cat 1.39 × 10 -3 s ). The enzyme was also strongly inhibited by hydroxylamine and DDT, confirming its pyridoxal 5'-phosphate (PLP) identity, yet not inhibited by EDTA. In vivo, using Swiss Albino mice, the enzyme showed no detectable negative effects on platelet aggregation, the RBC number, aspartate aminotransferase, alanine aminotransferase, or creatinine titer when compared with negative controls.
Key words: Aspergillus fumigatus, 18S-28S rRNA, homocysteine γ-lyase, biochemical properties Homocysteine γ-lyase (Hcy γ-lyase; Desulfhydrase; E.C. 4.4.1.2) is a pyridoxal 5'-phosphate (PLP)-dependent enzyme, catalyzing the elimination reactions of homocysteine to hydrogen sulfide, ammonia, and α-ketobutyrate [17] as follows:
Hcy γ-lyase was named L-methioninase by Ito et al. [18] and Tanaka et al. [48] , due to its dual particular affinity to methionine and homocysteine, and thus it is frequently used as an anticancer agent against methionine-dependent tumors [47] . In addition, Hcy γ-lyase has also received much attention over the last decade owing to its potency against sulfur-metabolic disorders and as an anti-cardiovascular and antidiabetic agent [5, 37] . Chemically, the balance between the level of cystathionine and homocysteine is controlled by a transsulfuration and reverse-transsulfuration system [9] . The inactivation of cystathionine β-synthase causes hyperaccumulation of homocysteine (> 100 µm, homocysteinuria), which is a major risk factor for cardiovascular diseases, skeletal abnormalities [6] , Alzheimer's [28] , mental retardation, and the dislocation of the optic lens [41] . In the case of cardiovascular disease, homocysteinuria represents about 10% of the total risk factor [15] , as each 1 µm increment of blood homocysteine increases the risk of cardiovascular disease by 6-7 fold [44] .
From a coenzyme perspective, supplementation with vitamins B6, B12, B2, and folic acid can greatly reduce the level of homocysteine via the activation of cystathionine β-synthase and methionine synthase [31, 44] . However, miss-expressed or improper ap-enzyme processing, rather than a lack of coenzymes, renders the infusion of these coenzymes ineffective to reduce hyper levels of homocysteine, as reviewed by De Bree et al. [6] . Therefore, Hcy γ-lyase with a unique specificity to homocysteine hydrolysis is the focus of this study. Hcy γ-lyase has already been purified and characterized from various bacterial species [17, 26, 48, 53] , yet only shown a slight specificity to dual action sulfur amino acids on homocysteine and methionine. Moreover, therapeutic enzymes of eukaryotic origin, in contrast to bacterial origin, have received much attention for their substrate specificity, as reviewed by El-Sayed [9] . Accordingly, this study assessed the productivity of homocysteine γ-lyase from filamentous fungi isolated from Egyptian soil. The nutritional requirements for the enzyme production were optimized using submerged and solid state fermented fungal cultures. The Hcy γ-lyase was then purified from both cultures, and the enzyme from the culture with a higher-fold purification was selected for characterization.
MATERIALS AND METHODS

Chemicals
The L-methionine, L-cysteine, D,L-homocysteine, and pyridoxal 5'-phosphate (PLP) were purchased from Sigma-Aldrich (St. Louis, MO, USA). The 3-methyl-2-benzothiazo-linone-hydrazone-hydrochoride (MBTH) was obtained from Merck KGaA, Darmstadt, Germany. All the other chemicals were of analytical grade. The agricultural by-products and chicken feathers were collected from local Egyptian markets and poultry breeding laboratories, and processed as previously described by El-Sayed [9] .
Isolation of Homocysteine γ-Lyase-Producing Fungi Twenty five fungal isolates, from lab fungal stocks [12] , were screened for homocysteine γ-lyase production on a methionine-glucose medium [21] with slight modifications as follows; L-methionine 0.5%, glucose 0.1%, KH 2 PO 4 0.2%, MgSO 4 ·7H 2 O, and KCl 0.05% dissolved in tap water (pH 7.0). After 8 days of incubation at 30 o C on a shaker incubator (130 rpm), the cultures were filtered and the fungal pellets used as an intracellular enzyme source. Meanwhile, the filtrate was centrifuged at 5,000 rpm for 10 min and the supernatant used as an extracellular enzyme source. These procedures were performed in triplicate for each fungus. The activity of homocysteine γ-lyase and its protein concentration were assayed.
Homocysteine γ-Lyase Assay The enzyme activity was determined in terms of ammonia and α-ketobutyrate as follows: Deaminating activity. The enzyme deaminating activity was determined using Nessler's reagent [10] . The reaction mixture contained 40 mM homocysteine (0.5 ml) in a potassium phosphate buffer (pH 7.0) with 10 µm PLP and the enzyme preparation (0.5 ml). Enzyme and substrate blanks were also made. After 30 min of incubation at 35 o C, the enzymatic activity was stopped by adding 100 µl of 50% TCA. Next, 100 µl of Nessler's reagent was added to the supernatant and the color that developed after 15 min was measured at 500 nm. One unit of Hcy γ-lyase, represented by the deaminating activity, was expressed by the enzyme amount that released 1 µM of ammonia per minute under optimal assay conditions. Activity based on α-keto acid release. The Hcy γ-lyase activity was determined based on the release of α-ketobutyrate using a MBTH assay, as described by Han et al. [17] . The reaction mixture was prepared as above. After the incubation and stopping the enzyme activity with TCA, the mixture was centrifuged and 0.5 ml of the supernatant mixed with 0.5 ml of 0.05% MBTH and 0.5 ml of a sodium acetate buffer (pH 5.2). After further incubation for 30 min at 50 o C, the developed color was measured at 335 nm. The enzyme activity was then calculated using Sun et al.'s [45] formula as follows; Hcy γ-lyase (U/ml) = 27.4 (1.07 + 2.2∆E) ∆E, where ∆E is the Blank OD (335 nm) -Sample OD (335 nm). One unit of Hcy γ-lyase activity was expressed as the amount of enzyme releasing 1 µm of α-ketobutyrate per minute under standard conditions.
The protein concentration of Hcy γ-lyase was determined using Folin's reagent [25] with bovine serum albumin as the standard.
Morphological and Molecular Characterizations of Hcy γ-LyaseProducing Fungi
The macro and microscopic features of the potent fungal isolate were extensively studied on Dox's and malt extract agar media according to Kebeish and El-Sayed [20] .
Molecular analyses of the potent isolate producing Hcy γ-lyase were also conducted. The genomic DNA was extracted from 3-dayold cultures by freeze fracturing in liquid nitrogen [42] . Briefly, 0.2 g of the mycelia was placed in liquid nitrogen for 10 min and vigorously homogenized using a mechanical pestle. Next, 500 µl of a DNA extraction buffer (200 mM Tris-HCl, pH 8.0, 240 mM NaCl, 25 mM EDTA, and 1% SDS) was pipetted into the tube and the mixture then vortexed for 5 min and centrifuged for 5 min at 10,000 rpm. Thereafter, the supernatant was gently mixed with an equal volume of 1:1 (v/v) phenol:chloroform for 30 min and then centrifuged at 12,000 rpm. The upper phase was gently withdrawn and mixed with a 0.1 vol of 3 M Na-acetate (pH 5.2) and 2 vol of 96% ethanol for 60 min at -20 o C. After centrifugation, the collected DNA pellets were washed in 70% ethanol, dried, and resuspended in 100 µl of distilled water.
PCR Amplification
The fungal isolate was identified based on its rDNA sequence (18S-28S rRNA, flanking ITS 1, 5.8S rRNA, and ITS 2). Two sets of primers were used: Fw 18S rRNA 5'-GTAACAAGGTTTCCG TAGGT-3', Fw ITS1 5'-AGGATCATTACCG AGTGCG-3', Rev o C for 1 min. The PCR amplicon was resolved using a 0.8% agarose gel and then purified using a PCR purification kit (Fermentas, Germany) prior to DNA sequencing.
The purified PCR products were sequenced using an ABI 377 DNA Autosequencer (PerkinElmer, Applied Biosystems Div., Waltham, State, USA) based on the same primers as mentioned above. The retrieved sequence (18S-28SrRNA) was deposited in the GenBank and BLAST-submitted for phylogenetic tree construction (http:// www.genome.HP/tools/.clustals) [50] .
Hcy γ-Lyase Production in Submerged and Solid-State Fermented Fungal Cultures Nutritional optimization for Hcy γ-lyase production by the selected isolate was conducted. Under submerged fermentation (SF), various carbon sources (glucose, xylose, arabinose, sucrose, maltose, lactose, and mannitol) at different concentrations (0.05-0.2%) were tested as co-dissimilated agents. In addition, the effects of different nitrogen sources (tyrosine, glutamine, cysteine, glutamate, lysine, alanine, phenylalanine, glycine, and methionine) with equal molecular weights were assessed as regards enzyme induction.
Meanwhile, under solid-state fermentation (SSF), various natural agricultural by-products, such as rice bran, wheat bran, cotton seed cake, coconut seed cake, peanut cake, wheat straw, rice straw, and chicken feathers, were screened as substrates for enzyme production by the fungal isolate. After incubation of the solid cultures under standard fermentation conditions, the enzyme was extracted according to El-Sayed [10] . The enzyme activity and its proteinous contents were then assessed as described above. The yield of Hcy γ-lyase with the selected natural substrate was further optimized by supplemented carbon and nitrogen sources. The fungal growth under SSF was then determined in terms of the chitin contents, as previously described by Monreal and Reese [27] .
Homocysteine γ-Lyase Purification Using 3 liters of the nutritionally optimized SF and SSF cultures of A. fumigatus, the enzyme was purified according to specifically designed protocols [11] . The Hcy γ-lyase was fractionated by salting out (30-70% saturation), and the collected precipitate was then dissolved in a potassium phosphate buffer (pH 7.5) of 10 µM PLP and dialyzed against the same buffer. The dialyzate was fractionated using ion-exchange chromatography (DEAE-cellulose column). After column equilibration, the enzyme was eluted using a gradient of NaCl (50-200 mM) dissolved in the buffer. The activity, homogeneity (SDS-PAGE), and protein contents of the fractions were then determined as described above. The most active homogeneous fractions were gathered and loaded into a pre-equilibrated column of Sephadex G 100 (gel-filtration chromatography), and the enzyme was then eluted using the same buffer. The activity and homogeneity of the enzyme fractions were assessed as described above. The most active fractions were then collected and lyophilized.
SDS-PAGE Analysis
The homogeneity and molecular structure of the Hcy γ-lyase from both cultures of A. fumigatus were checked using SDS-PAGE [24] . After boiling the samples in a dissociation buffer, running, staining with Coomassie Brilliant Blue, and destaining, the molecular weights of the developed bands were calculated against a marker (PageRuler Unstained Protein Ladder, Fermentas, Opelstrasse, Germany).
Biochemical Properties of A. fumigatus Hcy γ-Lyase
The biochemical properties of the purified A. fumigatus Hcy γ-lyase, including the optimum pH, pH stability, reaction temperature, thermal stability, and isoelectric focusing, along with spectral studies and its glycosyl-moieties were all determined according to methods used by the current authors in previous studies [10] [11] [12] .
Cytotoxicity of Homocysteine γ-Lyase
The cytotoxic effect of the purified enzyme was evaluated using male Swiss Albino mice (6-8 weeks old) singly injected intraperitoneally. The blood was collected at intervals in tubes containing EDTA, and the activities of alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), albumin (AB), urea, and creatinine in the sera were assessed as described previously [11] . Negative (without enzyme) and positive controls (zero time) were used as authentic baselines.
RESULTS AND DISCUSSION
Screening for Homocysteine γ-Lyase-Producing Fungi Twenty-five fungal isolates [12] were screened for Hcy γ-lyase production on a homocysteine-containing medium as the sole nitrogen source. From the screening profile (data not shown), all the isolates showed potential for the production of intra and extracellular Hcy γ-lyases. The maximum extracellular enzyme yield was exhibited by Aspergillus fumigatus JX006238 (1.2 U/mg), followed by A. flavipes JF831014 (1.01 U/mg), A. oryzae JX006239.1 (0.93 U/mg), A. awamori JQ695830.1 (0.7 U/mg), and A. niger JQ1516491 (0.31 U/mg). Meanwhile, the intracellular Hcy γ-lyase was extracted by homogenizing the fungal pellets (1 g fresh weight) in liquid nitrogen and dispensing the homogenate in potassium phosphate (pH 7.5) containing 20 mM EDTA and 0.1 mM PMSF. After centrifugation, the supernatant was used as the source of intracellular Hcy γ-lyase. Although the activity of the intra and extracellular enzyme forms should be compatible for each isolate, the maximum intracellular Hcy γ-lyase activity was exhibited by Aspergillus fumigatus, followed by A. awamori, A. niger, and A. oryzae. These discrepancies in the intracellular Hcy γ-lyase activities could be ascribed to intrinsic proteolysis during the extraction process, as suggested by Yano et al. [52] . The restricted enzyme productivity and creation of homocysteine by the test fungi could be attributed to the degree of hydrogen sulfide scavengers, forming sulfur amino acids, iron-sulfur clusters [14] , and/ or a proper antioxidative system [22] .
Morphological Characterization of Potent Isolate Producing Hcy γ-Lyase
The macro and microscopic features of the selected isolates were observed on Czapek's and malt extract agar media. Depending on the morphological criteria, the isolate grew rapidly on Czapek's medium at 30 o C, with a velvety appearance that was whitish at first and then turning to blue green and deep blue green-lily (Fig. 1) . The reverse occurred with the degree of red-brown shades. The conidial heads were columnar, uniseriate stigma, without sclerotia. The isolate grew well at 45 o C. From the morphological features, the isolates were very close to Aspergillus fumigatus Fresenius, according to Raper and Fennell [36] . A. fumigatus is frequently isolated from Egyptian soil samples as a mesophilic and thermotolerant strain, as already reviewed by Moubasher [29] and Abdel-Azeem [1] . Further molecular analyses were also conducted to confirm the morphological description.
Molecular Analysis of Morphologically Identified Aspergillus fumigatus
The morphologically identified A. fumigatus was further studied based on its 18S-28S rRNA sequence [20] . The genomic DNA of A. fumigatus was extracted and its purity checked on a 0.8% agarose gel. Using a primer set (Fw primer 18S rRNA and Rev primer 28S rRNA) for rRNA amplification, the PCR amplicon was 594 bps for the 18S-28S rRNA (Fig. 2) flanking the internal transcribed spacer 1, 2, and 5.8S rRNA. After purifying the PCR products, the amplicon was sequenced and the retrieved sequence deposited in the GenBank under Accession No. JX006238. When the 18S rRNA-28S rRNA sequence was BLAST-searched on a database using the multiple sequence alignment software (http://blast.ncbi.nlm.nih.gov/Blast.cg), it displayed a strong similarity with other A. fumigatus Genomic DNA of the A. fumigatus was extracted and used as template for amplification of 18S-28S rRNA, using the primer sets under PCR conditions as described in Materials and Methods. Various amino acids were used as substrate for induction of the enzyme, based on equivalent molecular weights to L-methionine as substrate as described in Materials and Methods. The enzyme activity and its proteinous contents were determined. Specific activity was expressed by the enzyme activity (U) per its protein contents (mg).
isolates. From the alignment profile, the A. fumigatus Ash JX006238 18S-28S rRNA amplicon exhibited a 99% identity with A. fumigatus isolate accession numbers GU566242.1, JF729022.1, HQ026746.1, GU594751.1, AY214446.1, EU664467.1, FM999061.1, FM999060.1, FM999058.1, FM999059.1, FJ810502.1, and JQ776545.1. Constructing the phylogenetic relatedness of the whole sequence of A. fumigatus 18S rRNA-28S rRNA with the closely related strains from the database (Fig. 3) revealed the molecular identity of the current isolate in comparison with the other isolates of A. fumigatus. Thus, the molecular analyses confirmed the morphological criteria displayed by the universal keys [36] .
Optimization of Hcy γ-Lyase Production Under Submerged Fermentation
The nutritional conditions for extracellular A. fumigatus JX006238 Hcy γ-lyase production were optimized.
The induction of Hcy γ-lyase by A. fumigatus in response to various amino acids was evaluated, and the results (Fig. 4) revealed that sulfur-containing amino acids strongly induced Hcy γ-lyase production by the isolate when compared with other amino acids. The maximum enzyme productivity was detected in the presence of methionine (1.8 U/mg), homocysteine (1.2 U/mg), cysteine (1.23 U/mg), and asparagine (1.2 U/mg). Some enzyme activity was also detected when using various non-sulfur amino acids as substrates, such as glutamine, alanine, and phenylalanine, indicating the multifunctional deaminating catalytic activity of the crude enzyme. Meanwhile, the lowest enzyme activity was detected in the presence of tyrosine and lysine. The enzyme activity was determined based on the amount of released ammonia. Consequently, the results indicated that the induction of Hcy γ-lyase by A. fumigatus was mainly sulfur amino-acid-dependent, especially methionine and homocysteine, ensuring a structural stereo-form similarity. The induction of A. fumigatus Hcy γ-lyase with homocysteine/methionine as substrates was consistent with previous results for Aspergillus SPRS-1a [38] and A. flavipes [21] . However, the preference of a yeast extract, rather than homocysteine, as a substrate for Hcy γ-lyase induction by Serratia N2-1 was also reported by Zhao et al. [53] . Further experiments were conducted to assess the effect of various concentrations of the sulfur amino acids inducing the highest amounts of Hcy γ-lyase (L-methionine, homocysteine, and cysteine). From the results (Fig. 5) , the highest enzyme yield was observed when using 100 mM of methionine (1.79 U/mg), followed by homocysteine (1.5 U/mg), and cysteine (1.27 U/mg). Meanwhile, a slightly repressed Hcy γ-lyase yield appeared when using higher doses of sulfur amino acids as the substrate, suggesting a negative effect on specific amino acid transports [43] , thereby repressing the enzyme-encoding genes [4] .
Effects of Different Carbon Sources on Hcy γ-Lyase Production
The influence of different carbon sources (0.05-0.2%) on the Hcy γ-lyase production by A. fumigatus was assessed when using 100 mM L-methionine as the substrate. From the data (Fig. 6) , the highest enzyme yield was obtained with 0.15% sucrose (2.54 U/mg), followed by glucose (2.18 U/mg), representing about 1.42-and 1.2-fold increments, respectively, over the control (1.8 U/mg). The enzyme productivity increased about 12.7-fold when using 0.15% sucrose over a carbon-free medium. The plausible enzyme yield when using an L-methionine basal medium without an additional carbon source revealed the ability of the fungus to utilize the medium for both carbon and nitrogen. Similarly, mannitol is a potent co-dissmilator energy source for microbial homocysteine utilization [38, 39] . The obvious increment in the enzyme yield with various carbon sources emphasized the incorporation of these carbon sources for the synthesis of antioxidants to scavenger H 2 S in order to decrease its deleterious effects on the cellular process. These results are also consistent with those reported for PLP and FAD-dependent enzymes [10, 12] .
Effect of Sulfur Starvation on Growth and Hcy γ-Lyase
Productivity by A. fumigatus The impact of sulfur starvation on the enzyme production, homocysteine uptake, and intracellular thio-antioxidants of Various carbon sources (0.05-0.2%) replacing glucose of the basal medium were used. After incubation, the enzyme specific activity was determined as described in Materials and Methods. A. fumigatus was assessed. After culturing A. fumigatus on a basal medium (free of methionine) for three days under standard conditions, the culture was transferred to an optimized nutritional medium containing methionine, as described above. During incubation for 10 days at 30 o C and 120 rpm, the intra and extracellular enzyme production, homocysteine uptake, and intra thio-antioxidants were all determined at different intervals. The highest extra and intracellular Hcy γ-lyase production was 3.19 and 2.65 U/mg, respectively, after 6 days of incubation (Fig. 7) . Thus, the extracellular and intracellular Hcy γ-lyase activities increased about 1.3-fold when compared to the control non-starved fungal cells, indicating the activation of a specific methionine transport system/ permease upon sulfur starvation. Similarly, the L-methionine uptake by Penicillium chrysogenum increased about 10-fold upon sulfur starvation when compared with S-sufficient cultures [2] . Benko et al. [2] reported that the K m value for methionine decreased from 10 -3 to 10 -5 with S starvation and then increased with sulfur re-feeding, thereby indicating the regulation of Lmethionine permease by feedback inhibition and de-inhibition rather than repression and de-repression. Furthermore, the level of extracellular homocysteine (100 mM, initial concentration) decreased gradually with the incubation time, along with substantial increases in the intracellular thiols. From these results, the induction of intracellular thiols would seem to indicate an increase in intra sulfur pools, such as choline O-sulfate, iron-sulfur clusters, sulfur amino acids, or glutathione, when compared with the positive (zero time) and negative (without S starvation) controls. Moreover, starving the A. fumigatus of sulfur for 3 days, and then re feeding with homocysteine, produced a higher yield of Hcy γ-lyase and higher homocysteine uptake when compared with the negative control.
Hcy γ-Lyase Production by A. fumigatus Under SSF Various agricultural by-products, including peanut cake, wheat bran, rice bran, cotton seed cake, soya bean cake, castor seeds cake, wheat straw, rice straw, and chicken feathers, were assessed for Hcy γ-lyase production by A. fumigatus under SSF. Solid-state fermentation with a lower moisture content is a natural selective medium for fungal growth and extracellular enzyme production [19] . The possible chemical modification of free amino acids by boiling, autoclaving (Millard reactions), and forming Amadori by-products that strongly inhibit fungal growth is much higher than that with bound amino acids. Thus, the SSF used a natural insoluble substrate of bound amino acids, being the favored process to limit amino acid modification during boiling in aqueous solutions, as reviewed by El-Sayed [9] .
Among the nine tested natural insoluble substrates, the maximum enzyme yields were obtained when using rice bran (2.1 U/mg), chicken feathers (2.0 U/mg), wheat bran (1.7 U/mg), and rice straw (1.67 U/mg) as the substrates (Fig. 8) , whereas the lowest enzyme yields were obtained when using peanut cake (0.34 U/mg), cotton seed cake (0.39 U/mg), and castor seed cake (0.53 U/mg). When expressing the fungal growth based on the amount of chitin, a slight fluctuation in the fungal biomass was observed among the test substrates, but, this was not strictly correlated with the enzyme productivity. The physiological behavior of A. fumigatus depends on fluctuations in the chemical structure of the natural substrate, as previously reported by the current authors [10, 12] . The higher Hcy γ-lyase yield with the rice bran and chicken feathers was possibly due to their richness in sulfur amino acids, along with their unique physical properties. Thus, rice bran was selected for further nutritional optimization for the maximum enzyme production by A. fumigatus.
By supplementing the basal medium with various carbon sources, the results (data not shown) showed a maximal increase of about 4.2-fold in the yield of Hcy γ-lyase by A. Fig. 7 . Kinetics of A. fumigatus Hcy γ-lyase, homocysteine uptake, and intracellular thiols for sulfur-starved A. fumigatus.
The sulfur starved culture of A. fumigatus (2 days) was transferred to methionine-containing medium and incubated for 10 days. The activities of intracellular and extracellular forms of Hcy γ-lyase, as well as, total intracellular thiols and homocysteine uptake were determined as described in Materials and Methods. Several natural agricultural by-products were screened as substrates for induction of Hcy γ-lyase by A. fumigatus under SSF, with infusion of basal salt solution of glucose and methionine. After incubation, the enzyme was extracted by buffer and its specific activity was determined, and the fungal biomass was assessed based on the amount of total chitin (see Material and Methods).
fumigatus when using glucose compared with a carbonfree medium (control), followed by xylose and arabinose. The relative growth and enzyme yield by A. fumigatus when using carbon-free rice bran revealed its feasibility as a carbon and nitrogen source. The usability of glucose as an optimum co-metabolic factor for the induction of Hcy γ-lyase by A. fumigatus was previously found to be inconsistent for L-methioninase production [10] .
When assessing the influence of supplementary amino acids on the Hcy γ-lyase production by A. fumigatus with rice bran as the substrate, the results (Fig. 9) revealed that all the added amino acids induced a higher enzyme yield. However, the incorporation of methionine, cysteine, and homocysteine had a particularly strong inductive effect, increasing the Hcy γ-lyase production by about 13.9%, 12.8%, and 11.3%, respectively, when compared with a nitrogen-free rice bran basal medium. Meanwhile, aromatic amino acids (tyrosine, phenylalanine) showed no inhibitory effect on enzyme induction. Despite inducing a higher A. fumigatus biomass, the enzyme activity was repressed by the incorporation of natural nitrogenous compounds, such as casein, yeast extract, beef extract, and peptone. The maximum biomass (1.1 g/g dry matter) was observed when using the yeast extract, followed by peptone, beef extract, and casein, indicating their usage by the fungus as a growth stimulator instead of an Hcy γ-lyase inducer.
Purification of A. fumigatus Hcy γ-Lyase
The enzyme was purified from both the SF and SSF cultures of A. fumigatus in parallel to assess the yield and purity. After S starvation for three days, the A. fumigatus was transferred to the optimized media for SF and SSF, and incubated under standard fermentation conditions, as described above. Following the incubation, the SF cultures were centrifuged and the supernatant was used as the source of the crude extracellular enzyme. Meanwhile, the enzyme was extracted from the rice bran solid A. fumigatus cultures using a potassium phosphate buffer (pH 7.0). Next, the crude enzymes from both cultures underwent fractional precipitation by salting out (30-70% ammonium sulfate). The collected precipitate was then dissolved, dialyzed against the same buffer containing 10 µM PLP, the dialyzate applied to a DEAE-cellulose column, and the enzyme eluted using a gradient of NaCl (50-200 mM). The highest enzyme yield was assessed using 150 mM Using rice bran as solid substrate, the moistening solution salt was supplemented with different nitrogen sources, equivalent to L-methionine as co-inductive substrates. After incubation, the enzyme activity and fungal biomass were determined as described in Materials and Methods. NaCl. The most active fractions were gathered and reloaded on a Sephadex G 100 column. The overall purification profile for the enzyme from the SF and SSF cultures of A. fumigatus is summarized in Table 1 . For the SF cultures, the enzyme activity increased about 4.1-and 5.21-fold with 14.1% and 6.7% yields using a DEAE-cellulose and Sephadex G 100 column, respectively. Meanwhile, for the SSF cultures using rice bran, the enzyme activity increased 1.9-and 2.36-fold with 13.1% and 13.4% yields when using a DEAE-cellulose and Sephadex G 100 column, respectively. Thus, based on the purification profile, the Hcy γ-lyase purified from the SF cultures was 2-fold higher than that purified from the SSF cultures. Yet, despite the cost effectiveness and higher enzyme yield from solid fermented cultures, multiple purification steps are essential to obtain high-fold purification [33] .
SDS-PAGE for Hcy γ-Lyase from SF and SSF Cultures of A. fumigatus
The molecular homogeneity of the purified enzyme from both fermentation processes was evaluated by SDS-PAGE (Fig. 10) . A distinct band of 50 kDa appeared after the third purification step for the enzyme from both the SF and SSF fungal cultures, assuming the efficiency of the designed protocol. Notwithstanding, some proteinous components remained with the enzyme from the SSF cultures, indicating the need for further purification steps. Thus, based on the purification and homogeneity evaluation by SDS-PAGE, the Hcy γ-lyase from the SF cultures of A. fumigatus was further characterized.
Biochemical Properties of Purified A. fumigatus Hcy γ-Lyase Optimal temperature and thermal stability. The optimum temperature for the enzyme activity was determined by incubating the reaction at various temperatures o C) using homocysteine as the substrate in a potassium phosphate buffer (pH 7.0) containing 10 µM PLP. The highest enzyme activity (16.7 U/mg) was obtained at 37-40 o C (data not shown), representing the proper accelerating energy for the substrate to bind with the enzyme active sites in order to form a quinoid intermediate and release the enzyme end-products, as previously reviewed by Percudani and Peracchi [34] . However, the enzyme activity lost about 69.8% and 58.8% of its initial activity at a reaction temperature of 15 o C and 65 o C, respectively. The thermal stability of the purified enzyme was evaluated by pre-incubating the enzyme without a substrate for different times (30-150 min) at 30-60 o C, and then assessing the residual enzymatic activity. From the thermal stability profile (Fig. 11) , the enzyme exhibited catalytic and thermal stability below 40 o C, and a slightly decreased activity when heated at 60 o C for 120 min. Moreover, the A. fumigatus Hcy γ-lyase was moderately activated by preheating at 30 o C for 120 min, representing the proper refolding of its tertiary structure or reorientation of its surface active sites, which is consistent with the reports by Green et al. [16] and Beruter et al. [3] . The enzyme halflife times (T 1/2 ) were 18.1, 9.95, 5.9, 3.3, and 1. 
Optimal pH and pH Stability of Hcy γ-Lyase
The optimal pH and pH stability of the purified enzyme were assessed. From the results (data not shown), the optimum pH for enzyme activity was 7.8, with a relative decrease in activity at higher or lower pH's. The rate of enzyme inactivation at acidic pH values was higher than that on the alkaline side, indicating the enzyme's basic catalytic identity. A high acidic (pH 3.0) and basic (pH 11.0) homocysteine substrate had a negative effect on the Enzyme pH stability was assessed by incubation of the enzyme at different pH's using different subsequent buffers (Material and Methods) for 2 h at 4 o C. Then the residual activity of enzyme was determined under standard assay conditions. enzyme activity, suggesting a change in the enzyme's ionization state that modified its surface charge or the dissociation of subunits/coenzyme, thereby disrupting the enzyme-substrate intermediate. Similar results have also been reported for the closely related PLP enzyme, Lmethioninase γ-lyase [11] .
From the pH stability profile (Fig. 12) , the A. fumigatus Hcy γ-lyase exhibited its maximum structural and catalytic stability within a pH range of 6.5 to 7.8, with a 50% and 20% reduction in enzyme activity at pH 3.0 and 10.4, respectively. The strong inhibitory effect on the enzyme activity at higher acidic and basic pHs suggests denaturation of the enzyme subunits or dissociation of the PLP coenzyme. Similarly, previous studies on L-methioninase found the enzyme to be more stable at neutral and alkaline pH's than at acidic pH's [11] . The neutral pH stability of the A. fumigatus Hcy γ-lyase is a favorable criterion for enzyme action in vivo, as the pH of blood is 7.0-7.4.
pH Precipitation Analysis
The A. fumigatus Hcy γ-lyase was precipitated using different pHs, as explained by El-Sayed [11] . The enzyme was incubated in different buffers at 4 o C overnight, and then centrifuged at 12,000 rpm for 10 min. After assessing the precipitated proteins, the maximum amount of the enzyme was determined at pH 5.0-5.4, assuming uncharged proteins (Zwitterion molecule) within this pH range (pI). For practical reasons, the enzyme isoelectric focusing was at pH 5.0-5.4, since the pH of blood is 7.4, thereby allowing the enzyme activity to be used in vivo during therapy. Biochemically and catalytically, the A. fumigatus Hcy γ-lyase displayed a strong similarity with L-methioninase, which was adopted several years ago [11, 17, 48] .
Substrate Specificity of A. fumigatus Hcy γ-Lyase The affinity of the A. fumigatus Hcy γ-lyase towards various amino acids as substrates was assessed using a deaminating and keto acid releasing agent (Materials and Methods). From the results (Table 2) , the enzyme showed the highest affinity to homocysteine (100%) as a substrate, followed by methionine (89.9%) and cysteine (43.3%). The enzyme also exhibited moderate oxidative deaminating activity (50.5%) towards glutathione, yet only minimal deaminating activity (15-30%) towards other non-sulfur amino acids (asparagine, glycine, alanine, lysine, and arginine). Thus, the enzyme showed more affinity to the C-S and C-N bonds of sulfur amino acids than to non-sulfur amino acids. As regards L-homocysteine as a substrate, the enzyme exhibited a high catalytic affinity to methionine, and cysteine, confirming the stereo-structural proximity of these amino acids. The enzyme (desulfhydrase) also a α-Ketobutyrate was assessed using MBTH assay [45] .
b Ammonia was assessed using Nessler's reagent [11] . c Glutathione oxidative deamination was assessed according to El-Sayed et al. [12] . Fig. 13 . Lineweaver-Burk plot for A. fumigatus Hcy γ-lyase for sulfur amino acids (homocysteine, methionine, glutathione, cysteine, and cystine) as substrates. showed an explicit affinity to the C-S and C-N bonds of sulfur amino acids over the C-C bonds of other amino acids, which is a unique criterion for the PLP enzymes of E.C. 4.4.1.11 and E.C. 4.4.1.2 [17, 18, 48] , and seemingly confirmed by the current results. This selectivity of the enzyme on homocysteine also strengthens its connection to hyper-homocysteinuria and other cardiovascular disorders related to this amino acid.
Enzyme Kinetic Properties for Sulfur Amino Acids
Various enzymatic catalytic properties (K m , V max , K cat ) towards sulfur amino acids were assessed (2.5-22.5 mM), where the enzyme activity was determined as described above. From a Lineweaver-Burk plot (Fig. 13) , the Hcy γ-lyase showed the maximum catalytic affinity for D,L-homocysteine (K m 2.46 mM, V max 16.6 U/mg/min), Lmethionine (K m 4.1 mM, V max 11.6 U/mg/min), L-cysteine (K m 4.9 mM, V max 9.3 U/mg/min), and glutathione (K m 9.6 mM, V max 3.2 U/mg/min). The highest catalytic efficiency (K cat ) was determined for D,L-homocysteine (1.39 s
), followed by L-methionine (0.97 s (Table 3) . Thus, the clear 2-fold stronger specificity of the A. fumigatus Hcy γ-lyase for homocysteine over methionine confirms its potential as an anti-cardiovascular rather than an anticancer agent, as previously reviewed [9] .
Inhibitors and Activators of A. fumigatus Hcy γ-Lyase
The impact of various compounds (10 mM final conc.) on the enzyme catalytic potency was evaluated by incubating the enzyme for 1 h without a substrate, and then measuring its residual activity. From the results (Table 4) , the enzyme was strongly inhibited by hydroxylamine, DTT, and SDS, retaining only 10.8%, 13.9%, and 21.5% of its original activity, respectively, but was not inhibited by EDTA, confirming the non-metallic nature of this enzyme. Whereas the dramatic inhibition of the enzyme activity by hydroxylamine can be ascribed to the dissociation of PLP to form apo-Hcy γ-lyase, a functionless form, as confirmed for methioninase, the strong negative effect of thiols (DTT, SDS) on the enzyme activity may be explained by the denaturation of enzyme subunits or interaction with surface thiols, as cysteine residues are recognized as surface active sites in all PLP-dependent enzymes [23, 30, 40] . Meanwhile, a slight reduction in the initial enzyme activity by about 10% was observed when using divalent cations, including Mn , and Li
2+
, suggesting interaction with surface thiols and/or an internal aldimine of the co-enzyme.
A. fumigatus Hcy γ-Lyase Glycosyl Contents
The structural intrinsic glycosyl residue of the enzyme was determined using a phenol-aminophenazone glucose oxidase kit (SPINREACT, Santa Coloma, Spain) [51] . One milliliter of Hcy γ-lyase (15 U/mg) was tested for its carbohydrate contents using distilled water as blanks. From the results, the enzyme exhibited no glycosyl moieties, confirming the absence of glycosylation as a mechanism of enzyme posttranslational modification. A lack of surface glycosyl moieties would seem to be a favorable criterion from an antigenic point of view, since glycosyl residues can induce the immune system, producing neutralizing antibodies that counteract the enzyme activity, as reviewed by El-Sayed [9] .
Enzyme Cytotoxicity
The cellular toxicity of the purified enzyme was evaluated by estimating the degree of platelet aggregation and hemolytic activity, as described by Wei et al. [52] . Enzyme (16.6 U/mg) was injected (0.5 ml), blood plasma was collected intervally after 8, 24, and 48 h, and the activity of AST, ALT, ALP, ALB, as well as amount of urea and creatinine were determined as described in Materials and Methods.
Different concentrations of the enzyme (1.6, 3.3, 5.1, 8.3, and 10.4 U/mg) were tested in 1 ml of blood. Blanks in a potassium phosphate buffer were conducted in parallel for each enzyme dose. From the blood chemistry profile (data not shown), the enzyme showed no detectable negative effect on the platelet aggregation or RBC count when compared with the blanks. Platelet aggregation and hemolytic activity are the most relevant biochemical assays [35] . Thus, the lack of ability to aggregate human platelets and lyses of human RBCs are unique supportive criteria from a therapeutic point of view. Similar results confirmed the non-toxicity of the PLP enzyme L-methioninase [11] . In addition, the cytotoxic effect of the purified enzyme was further assessed based on common biochemical parameters (ALT, AST, ALP, ALB, urea, and creatinine) in the case of 48 h of blood circulation. From the biochemical profile (Fig. 14) , the enzyme dose (16.6 U/mg) had no obvious negative effect on the tested parameters when compared with the negative controls. The viability percent was also 100% without any mice deaths during the experimental period. Therefore, based on the results, the enzyme had no negative effect on the liver function, as AST and ALT are important indicators of liver dysfunction [35] .
In conclusion, A. fumigatus (JX006238), a potent isolate for extracellular Hcy γ-lyase production, was nutritionally optimized under SF and SSF to maximize the enzyme yield. The enzyme was purified by salting out, ion-exchange, and size exclusion chromatographies. From the biochemical and catalytic studies, the purified enzyme displayed a unique specificity to homocysteine, broad pH stability, and higher thermal stability, making it a promising candidate for therapeutic applications as an anti-cardiovascular agent and a reliable sensor for homocysteinuria.
